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CHAPTER 1

INTRODUCTION

Many different line types and configurations, such as
twisted pairs, coaxial cables, and shielded twisted pairs,
have been used in the past to reduce the amount of electro-
magnetic crosstalk between two or more circuits which are
in close proximity to each other. A relatively new type of
cable that is being used is the flatpack, coaxial cable.
This type of cable is used to reduce crosstalk in cables
which interconnect peripherals in many high-speed digital
computer systems. The flatpack, coaxial cable, shown in
Figqure 1.1, consists of n coaxial cables that are bonded
together to form a flat, linear array of individual coaxial
cables.

It is generally assumed that coaxial cables, as well
as the other tyves of cables mentioned above, provide a
degree of protection from electromagnetic crosstalk that is
greater than unshielded, straight wire. This assumption is
not as obvious or as valid as one would think. The degree
of protection provided by any type of cable can greatly
depend on factors that one might not consider; for in-
stance, load impedances and their configuration, thickness

of shields, frequency of operation, presence of pigtail

sections, etc. can greatly affect the amount of protection
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Figure 1.1 - The Flatpack, Coaxial Cable.
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given.

The distributed parameter, transmission line equations J
have been used to accurately predict the electromagnetic 25I?
crosstalk in ribbon cables[l], twisted pairs(2,3], and ]
braided shield cables[4]. It is the intent of this thesis ‘ﬁ

to derive a multiconductor transmission line model of the

flatpack, coaxial cable which has pigtail sections at each
end of the line to allow for connection to the cables.
This model will then be implemented in a digital computer
program to allow one to answer the "degree of protection”
question for different situations via simulation, thus
reducing costly experimental work. Also, the simulation

program will show the degradation in protection for a given

cable due to the presence of pigtail sections.
In Chapter 2,the transmission line equations and the T

concept of shield transfer impedance are used to derive a Z;*Q

multiconductor transmission line model for both the shield-
ed and pigtail sections of the flatpack, coaxial cable.

From this model the chain parameter matrix for the line

will be calculated and the terminal conditions incorporated
to allow for an unique solution to the levels of crosstalk
for a given line configuration. ;;J

In Chapter 3, the cable cbnfiguration that was used for 3174

the experimental work and comparison to the computer re-

sults provided by the digital computer program FLATCOAX are B

shown., Degradation of the overall protection due to the




presence of drain wires over the shielded section will also

be discussed. Also a comparison of the actual experimental
measurements and the computed results will be shown to
display the accuracy which can be obtained by use of the
computer simulation and to show how pigtail sections and
the presence of the drain wire degrade the overall protec-
tion of the flatpack, coaxial cable.

Chapter 4 contains a description of the program
FLATCOAX which is used to simulate the crosstalk in the
flatpack, coaxial cables. 1Included is a description of all
variables and constants used by the program, a flowchart of
the program, and a card-by-card description of the program
code,

Chapter 5 will serve as a users manual for the program
FLATCOAX. It will show one how to setup and input the line
characteristics and terminal conditions for a given cable
configureation and how to interpret the output that is
created by the program.

In Chapter 6 the conclusions drawn from this study
will be presented. It will be shown that common impedance
coupling is the dominant contributor to the total crosstalk
at the lower frequencies. Also it was found that the
presence of drain wires over the shielded section greatly
affect the levels of crosstalk present in the flatpack,

coaxial cable. It was also found that the presence of
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Pigtail section (exposed sections of wires) can greatly
increase the crosstalk levels at the higher frequencies.
Finally, and most importantly, it will be shown that the
levels of crosstalk in the flatpack, coaxial cable can be

accurately predicted using a digital computer simulation.
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CHAPTER 2

THE MULTICONDUCTOR TRANSMISSION LINE MODEL

Any n+l conductor transmission line, including the
flatpack, coaxial cable, can be characterized by a 2n-port
network. For the 2n-port network, shown in Figure 2.1, the
2n port variables are the n voltages and n currents at the
left end of the port and the n voltages and n currents at
the right end of the port. We can write the voltages at

the left end of the port, YL' in vector form as

B n
Vi1

Vi2

<
(o
"

LVLn
We can similarly define vectors that represent the voltages

at the right end of the port, V., the currents at the left

end of the port, I;, and the currents at the right end of
the port, lg,as

1 — — p— —
ﬁ’Rl I IRl
Vg2 Ir,2 Iga
Yp =| . I, = . g = .
v I I
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Figure 2.1 - A General 2n-Port Network.
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These voltage and current vectors can be used to relate the
port parameters at the left end of the port to the port
parameters at the right end of the port as follows:

Ve - o
Ir IL
where the 2n x 2n ¢ matrix is known as the chain parameter

~

(2-1)

matrix and can be broken into four distinct parts

b P
3 - ~11 ~12 (2-2)
221 222

Each of the fij submatrices is n x n and the above port

representation becomes

Ve = 211w + 210 1g (2-3a)
Ip = 2 v, + 230 1p (2-3b)

The above concepts can be used to characterize an n+l
conductor transmission line in the following manner([1l2].
Consider the general, n+l conductor, uniform transmission
line shown in Figqure 2.2(a). For sinusoidal, steady state
excitation of the line, and the Transverse ElectroMagnetic
mode (TEM) of propagation, it is possible to uniquely
define voltages of each conductor, Vi(x)r with respect to
the reference ccnductor (the 0th conductor) and conductor
currents, I1,(x), as shown in Figure 2.2(b) [12]. These
voltages and currents can be related in the limit as ix -0,
via the multiconductor transmission line(MTL) equations:

dv (x)

D “Z I(x) (2-4a)
dx

Lt ot
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S}sp(x) A2c + ]wks) ;sp(X) (2=10)
and ) B

[ 1w | | W (x)

I E S

where 2., Lg, and Cg are the per-unit-length conductor

impedance matrix, inductance matrix, and capacitance matrix
of the shielded section, respectively.

We will first derive the per-unit-length conductor
lmpedance matrix, 2., of the shielded section. This can be
accomplished by writing loop equations for a Ax section of
the line shown in Figure 2.6. First we will write the
equation that relates the voltage of the ith wire at the
left end of the aAx section to the voltage of the ith yire
at the right end of the Ax section(i=1l,2,...,n-1). This

equation can be written as

W ow
vi(r) - vi(L)
= =7 Y - oz, Y O+ oz
AX con 1

28 -
o 159 (2-20)

where l.on 1s the impedance of the center conductors of the

individual coaxial cables. Since all the shields are iden-
tical we can refer to each of the shield transfer imped-
ances as just Zq and each of the shield impedances as Zgy
without any need for distinction.

Next we wlll write the equation that relates the
voltage of the 1ith shield at the left end of the ax section

to the voltage of the ith shield at the right end of the Ax

R S
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the ith ghjeld. The shield currents, prr are assumed to
flow on the outside of the ith shield and return on the
reference shield (chosen arbitrarily).

It be will convenient to define voltage and current
vectors in the foliowing manner to be used through out the

derivations. We will define the total voltage vector, V

[4

as:
yw
vV = (2-16a)
s
v P
where
W s
Vl le
vw VSP
yW = | .2 | (2-16b) and ySP = | .2 (2-16¢)
yw sp
L P _Vn .
and the total current vector, I, as:
w ]
1= ;sp (2-17a)
= 4
where
- - - -
IY pr
v sp
2 I2
IV = . (2-17b) and ISP = . (2-17c)
v ISP
L N L0

The transmission line equations can be written as follows

for the shielded section of the cable[l2]:

R RPU R I - T . . .
) I W N DU NI TR A I W S T ST T S T ST U T S SO, USRI LI S SR

- . - - - .
IS SR Iy SRSy IS PSPPI
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impedance, zqs should be equal to the shield impedance,
Zgye up to the frequency at which the shield thickness is
on the order of a skin depth.

The surface transfer impedance can be measured experi-
mentally in a quadraxial test fixture [8,9,10] or calcu-
lated directly from the shield dimensions and characteris-
tics [ll]. Vance[ll] states that the shield transfer
impedance for solid shields can be calculated as

Yd

Zp = Rpc ;E;ET;ET ohms/meter (2-15)
where Rpc is the per-unit-length D.C. resistance of the
shield, d is the diameter of the shield, ¥ = (1 + j)/§
where § = 1/4/nfuc is “%e skin depth of the shield, f is
the frequency of operation, ¥ is the permeability of free
space, and 9 is the conductivity of the shield material.
The formula in (2-15) assumes that the current is uniformly
distributed around the periphery of the shield.
2.2 - MULTICCNDUCTOR TRANSMISSION LINE MODEL

FOR THE SHIELDED SECTION OF THE LINE

In this section, we wish to derive the multiconductor
transmission line model for the shielded section of the
flatpack, coaxial cable. The voltage and current defini-
tions that are used in the derivation of the model are
shown in Fiqure 2,5, The wire currents, Ig, are assumed to

flow down the center conductor and return on the inside of

S R T S PPN - PP R PR TS PRt
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in

" Vout +

out Iout

“igure Z.4 - Section of Coaxial Cable.
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To illustrate the concept consider Figure 2.4 showing
:: a coaxial cable. We assume that there are two distinct
current paths in the circuit, First there is a current
that flows on the outside of the shield and returns via a
circuit external to the shield, this current is denoted

Ioute The other current path consists of current flowing

down the center conductor and returning on the inside of

. the shield and is denoted Iin. If acurrent Ig,¢ is flow-

ing in the external circuit it will produce a per-unit-
5 length voltage, V., , along the inside of the shield via Q@q
o —
a diffusion through the shield. This voltage will cause a e

current, I , to flow in the internal circuit. The con- o

verse is also true for a current flowing in the internal

circuit. The surface transfer impedance, Zp, is then de-

fined as
Vin

!g 2p = . ohms/meter (2-13a) RS
" out e
\ or equivalently “"?i
) v L

out |
H’ Zp = chms/meter (2-13b) - %
e Iin "

. e
> -

From this we can write an expression for the voltages on

L |

the inside and outside of the shield as h <
Vin | _ |zsa  zr |[lin (2-14)
Vout 27 zgH | [Lout

where zg, denotes the impedance of the shield itself. It . q

is worthwhile to note here that the surface transfer

Lt C e - . . . . 4 . N . ° . . * W - -

- . . . N M N . °,

. . o . . SR . . e .

- AR - t e . - . . - o . . - - - . - v w
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conditions of the line into the equations.

This chapter will present all the background informa-
tion and derivations needed to calculate the total chain
parameter matrix for the flatpack, coaxial cable (with
pigtail sections), incorporate the terminal conditions and
to solve the equations uniquely for the voltages and cur~
rents at each end of the line. From these voltages and
currents it will be possible to calculate the amount of
electromagnetic crosstalk that will be present for a given

line configuration.

2.1 - SHIELD TRANSFER IMPEDANCE

It is a well-known fact that if the shield of a coax-
ial cable were a perfect conductor there would be no cou-
pling of electromagnetic fields present outside the shield
to the inner conductor. If this were the case for the
flatpack, coaxial cable then ttere would be no contribution
to the total amount of crosstalk by the shielded seccion of
the cable. The shields are not perfect conductors and
therefore it is necessary to be able to describe the cou-
pling of these electromagnetic fields over the shielded
< :tion. A fundamental concept which is used to explain
this electromagnetic coupling to shielded wires is the
surtace transfer impedance. The concept was introduced by

¢ ~helkunoff in 1934 [5,6,7] and has been widely accepted.
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and

R YgR
2PR
IR isr

Substituting equation (2-7) into equation (2-8) yields the

It
©

(2-8)

result

1<
0

¥gr,
. =|  2er 3s (2-9)
2R IsL

Substituting equation (2-6) into equation (2-9) gives the

equation
v v
Ve L
. = 2eR 2s 2eL (2-10)
=R iL
which relates the voltages and currents at the right end of
the line to the voltages and currents at the left end of

the line. We can then say that the total chain parameter
matrix of the line, $,, is equal to the matrix product of
all the chain parameter matrices of the individual sections
taken in the proper order, i.e.,

S = 2pr 2s 2nL (2-11)
for the case of our flatpack, coaxial catle.

Once the total chain parameter matrix,gqn is calcu-
lated we have an equation o
v v S
=R _ L

= S (2-12) -
IR 1t
which only relates the voltages and currents at each end of

the line. To solve explicitly for the terminal voltages

and currents of the line we must incorporate the terminal

PSP PPN UL YR S U UL T WY YT I NI YAE U W SR T PR R " o " T a
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ISR(Zn-lL IR(2n-1)

The ¢p; matrix is the chain parameter matrix of the
left pigtail section and relates the voltages, YSLr and
currents, I, at the left end of the shielded section to
the voltages, V;, and currents, J;, at the left end of the
line. The ¢. matrix is the chain parameter matrix for the
shielded section of the line and relates the voltages, Vsre
and currents, Igo, at the right end of the shielded section

to the voltages, Vg, and currents, Igy, at the left end of

the shielded section. The 3PR matrix is the chain para-

meter matrix of the right pigtail section of the line and

relates the voltages, V., and currents, lg, at the right ]

end of the line to the voltages, Vgrs and currcents, Igg, at
the right end of the shielded section. We can relate the
voltages and currents at each end of the three distinct

sections as:

1 g — p—
Vs, . vy,
. ~PL .
b-SL_J L. - L__L
r —— r —
Ysr| s (VsL,
2s
Isg | st
3
o
(]
A S
S T RN SO
Y " et PO PR .."._.\_'. “,'H‘L\Al-ll;
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be discussed later. As shown, the line can be broken into
three distinct sections each having a uniform cross-
section. It is possible to derive a chain parameter matrix
for each of these sections individually and then, from
these individual chain parameter matrices, obtain an over-
all chain parameter matrix for the whole line. To derive
the overall chain parameter matrix we first show the volt-
age and current definitions at the end of each distinct
section of the line with its corresponding chain parameter
matrix as shown in Figure 2,3(b). The voltage and current

vectors are defined as follows:

Vi1 ] VsL1 VsRrl
Vi2 VsL2 VsRr2
YL = . VSL = . YSR = .
VL(2n-1) VSL (2n-1) LVSR(Zn-l)
o -1 — -
Vel [ 1 Is1 |
VRr2 IL2 + Isp2
Yp = . I, = . Is, = .
VR(2n-1) IL(2n-1) ISL(2n-1)
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dx (x)
= = =Y V.xj (2-4b)
dx
where
R’]_(X) l_Il(X)-
V2 (x) I5(x)
Y(x) = . I(x) = .
Vn(X) bIn(x)J

and the n x n matrices‘ﬁ and z,are the per-unit-length
impedance and admittance matrices, respectively.

The above MTL equations are a set of coupled, first
order, ordinary differential equations which are quite
similar to state-variable equations encountered in electric
circuits and automatic controls[l12]. Their solution is

straightforward and of the form:

v (L) v (0)
1 =] o) (2-5)

10 1(0)

whera the line extends from x=0 to x=X. A comparison of
(2-1) to (2-5) shows that the n+l conductor transmission
line is readily characterized as a 2n port via the chain
parameter matrix representation discussed previously.

We will now adapt the above concepts to the character-

ization of flatpack, coaxial cables with exposed pigtail
sections at each end as shown in Figure 2.3(a). The pig-

ﬂ tails allow for connection to the individual wires and
@

oM

shields of each of the individual coaxial cables and will
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section (i=1,2,...,n). The equation is

A A
va(R) - va(L) n

s 2w -
I5P + 2,T{ - Zgy I

A

ol

=

-2
Ay SH

: (2-21)

Finally we must take in account the nth wire, so we
write the equation that relates the voltage of the nth yire
at the left end of the 8x section to the voltage of the nth
wire at the right end of the 4x section, which is

ow - ow

Vn(R) Vn(L) . Ay _ . rw ; n
A con In SH In T.
X 1

1

™t

ASs -
IiP (2-22)

Combining equations (2-20), (2-21), and (2-22) into a mat-
rix form and taking the limit as 4x + 0 we can then write
the per-unit-length impedance matrix for the shielded sec-

tion of the cable,lgcr as

where Oi is the derivative of V. with respect to x.
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Next we will derive the per-unit-length inductance

matrix of the shielded section, Lg- We can divide the

inductance matrix into four distinct parts

Le = |ececee—ee- m———e (2-24)

WWoIwW o+ EFPW ISP (2-25a)

and
WSp IW + LSPsSp ;SP (2-25b)

“,n
w

where W% is the flux penetrating the ith wire circuit and

}1 7

¥

/3] S IR 7))

yn-1
—s—

where Wg is the flux penetrating the ith shield circuit.

Each entry in the Lg matrix, 1j4r €an be calculated

directly by using the formula
Yy

1.. =

13 ~ .

which states that)the inductance between the ith and jth T

henrys/meter (2-26)

.......
.....

.
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circuit can be calculated as the flux that penetrates the
'th c' 't \y : : 'th 1 -
1 ircuit, v;, due to a current flowing in the j cir
cuit, Ij-

First we will calculate the entries of the LWVY sub-
matrix of Lg which relates the currents flowing in the n
wire circuits to the flux penetrating each of the n wire
circuits. This can be accomplished by evaluating equation
(2-25a) with all the shield currents being set to zero,
i.e., 1°P = 0. For this submatrix of the Lg matrix each

entry lij refers to the flux penetrating the ith wire

circuit, ¥;, due to a current, Iyr flowing in the jth wire

2 2,

4 e,

circuit with all other currents set to zero.

We will first calculate the diagonal terms of this

*
.
Lo o
et e
. [
il

P
PR

. .
L IS
o .
Y Y .

submatrix or 1;, for i = 1,2,...,n. In other words we need

to calculate the flux penetrating the ith wire circuit, ¥;-

due to a current flowing in that ith wire circuit, 1,
With all other currents set to zero we are simply trying to
calculate the inductance of a single coaxial cable. Refer-

ring to Figure 2.7 we can calculate this inductance as

Y R
1 = 9 1p[_ shd (2-27)
27 Ryc

where R_ s is the radius of the shield and Ryc is the
radius of the center conductor.

Next we consider the off-diagonal terms of the LWW

submatrix, i.e., 1j for i # j. Consider Figure 2.8 where

S I I S R S N I DO R L . JCRANEE i
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*

TV T,

2
P
LN .

v

..
Calata

et

figure 2.7

e PSR
- e et
. .

<',. "

L S
A %Y PN P

P

. . - .- ™ . R
PRI VL P I P R vl LT

Cross-Section of the Shielded
Section of the Cable.




; i™ Circuit it Circuit

S

ure 2.8 - Flux Generated by the jth Shield Circuit.

WYy
. _L»j
-V d 4 R L3 .' - - = -"
- -7 . o e W - - e
Cw . - -7 . N . et
« - ‘Y . . . . e . -
T e S, o« .. b .. P R T ~ e .
R T S et
il TILS AR, W e S St W




R AR
>

catada a a A e T

we consider the flux generated by the jth wire circuit.
The current, Ig, flowing down the center conductor gener-
ates a flux, ¥}, in the direction indicated. This current
returns via the interior of the jth shield and generates a
flux, W;, as shown in Figure 2.8. The two fluxes gener-
ated, W; and ¥, are of equal magnitude but opposite in
direction therefore they cancel each other in the region
exterior to the shield. This cancellation implies that
there will be no net flux present outside the jth wire cir-

cuit and linking the i*P yire circuit therefore [lij]i#jzo

for the LW¥ submatrix. From this we can state that
”~

111
1y2
gww = . . (2-28)
lnn

where 1;y is the quantity stated in (2-27).

Next we will calculate the EWSP submatrix of Lo which
relates the currents flowing in the n wire circuits to the
flux penetrating each of the n-~1 shield circuits. This can
be accomplished by solving equation (2-25b) with all the

shield currents set to zero, i.e., ISP=0, Each term, 1iq,

in the L¥SP gsypmatrix relates the flux, ¥;r Penetrating the

ith shield circuit due to a current, 15, h

wire circuit., This configuration is shown in Figure 2.9.

flowing in the jt

As before we have two fluxes, w; and w;, that are present
outside the jth wire circuit due to current flowing down

the center conductor and returning on the interior of the
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shield. Again these two fluxes are equal in magnitude but
opposite in direction therefore the net flux present out-
side the jth wire circuit is equal to zero. Since there is
no flux present outside the jtl'l wire circuit that can pene-
trate and link the ith shield circuit, all the entries in
the EWSP submatrix will be zero. In matrix form we can
state
kwsp = 0 (2-29)
Next we consider the’ESPW submatrix of Lg which re-
lates the currents flowing in the n-1 shield circuits due
to the flux penetrating each of the n wire circuits due to

this current. This could be calculated by solving equation

(2-25a) with all the wire currents set to zero, ide.,‘;w=_'

Instead of calculating these entries in the submatrix it
can be argued that since the medium surrounding the line is
reciprocal, the Lo, 25, and Cg matrices for the line must
be symmetric. For the Lg matrix to be symmetric LSP¥ must
equal (L._WSP)t (t represents the matrix transpose), so for
our situation
kspw = E,t = ,9, (2-30)
Finally we must calculate the LSPSP gupmatrix of Lg
which relates the currents flowing in the n-1 shield cir-
cuits to the flux penetrating the n-1 shield circuits.
Each entry, lijr in the‘BSPSP submatrix relates the flux,

¥ penetrating the ith shield circuit due to a current,

i’
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1y, flowing in the jth shield circuit. It is possible to
calculate these entries by solving equation (2-25b) with
all the wire currents set to zero, i.e., L% = 0. To calcu-
late these entries consider Figure 2,10 showing the dimen-
sioned cross section of the flatpack, coaxial cable where
WS is the center-to-center wire separation of adjacent
coaxes, Rghg 1s the interior radius of the shields, and tg
is the thickness of each of the shields.

Since all the (urrents are flowing down and returning
on the exterior of the shields we can consider the flat-
pack, coaxial cable as n "fat wires" for the computation of
LSPSP, These n "fat wires" will each have a radius of
Rshd + ts and the ntP conductor will be grounded. The

entries, 1 in the LSPSP submatrix can be calculated by

ijr
calculating the inductance matrix of these n "fat wires”

directly from the fcrmulas [12]

2
Mg a1
1, = — 1a | ——— (2-30a)
2m Iwi fwo
uo d' d'o\
i = — 1n |—22 for i # j (2-30b)
2m fyo dij

where d,  represents the distance between the ith conductor

and the reference conductor, djo fepresents the distance

between the jth conductor and the reference conductor, dij
is the distance between the ith and j'h conductors, ryj 1S

the radius of the ith wire, and I'uo is the radius of the
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reference conductor. The distance dj, €an be calculated as
di0 = (n-i) x WS, The distance djo can similarly be calcu-
lated as djo = (n - j) x WS. The distance djj can be
calculated as dij = |i - j| x WS. And as stated previously
the radius of each of the "fat wires" and the reference

conductor is R, + + tg, Combining these we obtain

{((n - 1) x WS)2

ii = n
2 (Rgpng + ts)2
which reduces to
H (n - i) x WS
133 = — 1n (2-31a)
Rshd + ts

and for the off-diagonal terms we obtain

[(n = i) x WS][(n - J) x WS]

u
lij = —2- 1n
2m [1i = 31 x WS] (Rgq + tg)

which reduces to

Y (n - i)(n - j) x WS
154 * -2 1n L for i # 3 (2-31b)
2T i - 3l (Rshd + tg)

Next we turn our attention to deriving the per-unit-

length capacitance matrix of the shielded section, SS, As

with the Lg matrix, we can divide the Cg Matrix into four

distinct parts };g
g
CWww | CSpw . -
Cg = |-==mmmmmmmmmeee (2-32) ‘
CWSP | (SPsp

o S
SO DU, TBORON
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which implies

g, = C"W Y% + CSPW ySP (2-33a)

A~

and

- Cwsp yw + ESPSP _\_ISP (2-33b)

=S ~

L% ]
where q& is the charge present on the ith wire circuit and
[~ 1 =
ds
%G

gs )

n-1
dg

where qi is the charge present on the ith shield circuit.

First we will calculate the C¥¥ gypmatrix of Cs which
relates the voltages of the n wires to the charges present
on the n wires when all the shield voltages are set to
zero, i.e., VSP =0 ye will first calculate the diagonal
terms, Cij for i=1,2,...,n, for this submatrix. In other
words we need to calculate the charge present on the ith
wire circuit due to a voltage on the ith wire circuit.
With all other voltages set to zero we are simply trying to

calculate the capacitance of a single coaxial cable.

e LT o VORI NP, RS SRR S AP SN S Va1 SR TS N A .l i -y la
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Referring to Figure 2.7 we can calculate this capacitance
as

2TE
€ii = (Rshd) (2-34)
1n

RWC

where R. 4 is the radius of the shield , Ry, is the

radius of the center conductor, and € is the permittivity
of the insulation interior to each shield.

Next we consider the off-diagonal terms of the Sww
submatrix, i.e., ¢;5 for i # j. We can represent all the
capacitances present in the shielded section of the flat-
pack, coaxial cable by the equivalent circuit shown in
Figure 2,11. The capacitances present inside the coaxial
cables are the c;, terms of the £YW submatrix that we
previously calculated. The cjj terms we are now trying to
calculate are the charges present on the ith wire circuit
due to a voltage of the jth wire circuit which would be
represented by a capacitance from the ith center conductor
to the jth center conductor, Due to the electostatic
shielding by the coaxial shields there will be no capaci-
tance between these conductors as shown in Figure 2.11
therefore we can state that

[Ci41i%5 = 0 (2-35)
Combining (2-34) and (2-35) into matrix form we can state

that the C¥% be represented as shown in equation (2-36).
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CWVW = (2-36) ’

3

Y

Next we consider the C¥SP gyppatrix of Cg which re- )

~ —_ —d

lates the charges present on the n-1 shield circuits due to -yf*
]

the voltages of the n wire circuits. This can be accom-

plished by solving (2-33b) with all the shield voltages set

to zero, i.e., ¥SP = g. But, as before due to electro-
static shielding the voltages inside the coaxial cables
will produce no charges outside these cables therefore we

can state that
EySP = (0] (2-37)
Next we must calculate the CSP¥ guypmatrix of Cg which
relates the charges present on the n wire circuits to the -
voltages of the n-1 shield circuits. This submatrix could
be calculated by solving equation (2-33a) with all the wire
voltages set to zero, i.e., ¥¥ = 0. As before with the o

case of the inductance matrix we can argue that the Lq

matrix must be symmetric since the surrounding medium is

equal (QYSP)t therefore we can state that Jfg

CSPW = gt = 0 (2-38) ]

~ @

Finally we must calculate the/S?PSP submatrix of Cg ]
which relates the charges present on the n-1 shield cir- A
.'J

cuits to the voltages of the n-1 shield circuits. To %
o

calculate this submatrix we can again model the flatpack,

'.44'
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is shown in Figure 2.17. There are two contributions to
the net inductance for this situation. The first, ll' is
die to the current flowing down the ith gshield pigta.. and

can be calculated as

Ho ds
ly =-—1n (2-54)
27 de

The second contribution, 12, is due to the current return-

ing on the nth shield pigtail and can be calculated as

U d

o] 1

12 = = — 1In{|—m (2-55)
27 d,

The three distances needed to solve equations (2-54) and

(2-55) can be calculated as

d; = ﬁn-i)st+s]2+d2'

dy = (n - i) x WS

Substituting these distances intc equations (2-54) and

(2-55) and summing them to get the total inductance yields

—
Mo \/s2 + d? Ho \/?(n-i)st + )%+ d2

= - — 1n + in
2m Rba 27 (n - i) x WS

lij
which reduces to

1
Ho 1 Rpd ﬁ/[E}n - i) x Ws + s]2 + 42
= n merses o

1..
R /s? + G2 x (n - i) x WS

Next we will calculate the terms of the LWSP that lie

(2-56)

in region 1 of (2-53). For this region of the submatrix
j>i and its corresponding representation is shown in Figure

(2.18). Again there are two contributions to the net

[
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inductance

M (3 - i) x WS [ (n - j) x WS

1i -2 1n |2 +—21n ) +
T [[(n - i) x WS
+—— 1ln
which reduces to
H (n - )(n - i) x WS
1,4 =—21n = (2-51)
3 om (3 - i) x R

pd
The equation in (2-51) was derived for the case j > i but

since the per-unit-length parameter matrices must be sym-
metric,this equation can be extended to the general case by
modifying the equation to become

H (n - j)(n - i) x WS

15 = °1n (2-52)
27 13 - il x Rpg

Next we will calculate the L¥SP submatrix of L, which
relates the flux penetrating and link:ng the n wire
circuits to the currents flowing in the n-1 shield

circuits. The Efsp is rectangular and look:s as follows

» -

region 1

3

(2-53)

region

region 2
_ .
We will start by calculating the elements that are on the

4
crincipal diagonal of this submatrix, whose representation ‘a
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Figure 2.16 - Mutual Inductance of the 1*P ana j*P 3snield |
Circults over the Pigtail Sections. -




by [l(n - 1) x ws)? -

13 =——1n
2
27 i de
which reduces to
T [ (n - i) x WS ] ¥f
lii = —— 1n (2-50) AR
T 4
L de L
Now we will calculate the off-diagonal terms of the yﬂﬁ;ﬁ
LSPSP sybmatrix of Lp. This situation is shown in Figure ; L |

2.16 for j > i. The total inductance can be thought of as

having three contributions, the first, 1ljy- is due to the

C
1 1.
AR

flux penetrating the ith shield circuit to the left of the
jth shield pigtail due to the current flowing down the jth
shield pigtail. The second, 12, is due to the flux pene-
trating the ith shield circuit to the right of the the 3P T d

shield pigtail due to the current flowing down the jth

shield pigtail. The third, 13, is due to the flux pere-

trating the ith shield circuit due to the current returning
on the reference conductor (the nth shield pigtail). We

can calculate each of these contributions as follows

U (j - i) x WS
0
17 = - " 1n
2 de
U _(n - Jj) x WS 7]
o
12 = 1n
27 R
_ pd -
Yo —(n - 1) x WS ]
13 = — 1n
M1
2 L de i

Summing these three contributions gives us the total
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yields
uo (j-i) X WS
lij§ = - ——1n . . -
27 | 2/1((3 - i) x wS) - s]2 + g2
Mo T((3 - 1) x Ws) + s]2 + d°
+ —=——1n
2 (j = 1) x WS

which reduces to

_do | MG-irxws-s)? + & VI(3-1)xws+s)2 + dzl o

1. .=
13 on [(j-1i)xWs]? ]

The equation given in (2-48) was derived for the case
j > i, but since the per-unit-length parameter matrices
must be symmetric as stated earlier we can modify (2-48) to

handle all 1;4 entries for i # j. This equation will then

become
! =y
Mo 1 ‘\/llj-ilst-s]2 + d2 Vilj-ilxws+s]2 + dZ]z 0
1;4:7 n (2-4
tIooam [1j-ilxwWs]2 J
i#3

We have now derived equations (2-45) and (2-49) which
specify all entries in the LYY sybmatrix of Lp-

Next we calculate the LSPSP submatrix of L, which
relates the flux penetrating and linking the n-1 shield
circuits to the currents flowing in those n-1 shield cir-
cuits. We will first consider the main diagonal terms of
this submatrix which are the self inductances of each of
the n-1 shield circuits. This situation is shown in Figure

2.15, where d,  can be calculated as dj, = (n-i) x WS.

Substituting d;, and the wire radius in equation (2-30a)

LAY VR, WP ; - - o W ST Y Yl I ST S ? PP PRy PR Y W | o
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aii Now we will calculate the off-diagonal terms of the R
' ,gww submatrix of Lp- This case is shown for the ith and

jth wire circuits in Figure 2.14 for j > i. To calculate
these inductances we will need to consider the flux pene- i

trating the ith yire circuit due to the current flowing

down the jth center conductor plus the flux penetrating the
ith wire circuit due to that same current returning on the L
jth shield pigtail. The contribution to the total induct-
ance by the current flowing down the jth center conductor

can be calculated as R

Ho d; |
1, = - in henrys/meter (2-46) S
2m dy s

The contribution made by the current returning on the jth .
shield can be calculated as
Ho d3

1n henrys/meter (2-47)
2T dg

8]
"
[

Using the dimensions given in Figure 2.12(b) it is possible

to calculate the needed distances as

d) = (3 - i) x ws
dy = \m(j - i) xWs) - s))2+ 42’ \
ds = w/Q((j - i) x WS) + s)}2 + a2 7;%
dg = (3 - 1) x ws ;'T

The total inductance l,. is equal to the sum of the indi-

3
vidual contributions 1; and l,. Substituting these dis-

tances into equation (2-46) and (2-47) and taking their sum -
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the center conductors and the conductors connected to the
shields) are perfect conductors. This assumption will make
Zcp < 0 for the pigtail sections leaving only the‘gp and'gP
matrices to be calculated.

First we will derive the per-unit-length inductance
matrix, Lpr for the representation shown in Figure 2.12(b).
As in the previous section we will divide the inductance

matrix into four distinct parts

LWW | LSPwW
AI—‘P = m__:'...-..__l._’: _______ (2-44)
¢ LWSP | [,SPSP

; which implies the same equations stated in (2-25a) and (2-
25b). Each entry in the Ly matrix, 1j4, can be calculated
directly using the equations presented in (2-30a) and (2-

30L) .

First we will calculate the ifw submatrix of BP which
reiates the flux penetrating and linking the n wire cir-
cuits to the currents flowing in these nwire circuits. We
will first consider the diagonal terms cf this submatrix
which are the self inductances of each of the n wire cir-
cuits, The case we need to consider for the i th circuit
is shown in Figure 2.13. From this figure we can see that

dic = Vs?+ d2 . substituting this and the wire radius

for the LWY submatrix as
~

into equation (2-30a) yields l)i
U i s2 + d2

O
lijy = —1n |—— (2-45)
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Figure 2.12 - Voltage and Current Definitions for
the Pigtail Sectilons.
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i brought out to some type of connector to facilitate the con-

nection of the cable to some device. This creates a sec-

tion of exposed wires at each end of the cable, which will

be referred to as the pigtail sections of the flatpack, '."'v_,::;;'i
coaxial cable,

The voltage and current definitions that are used in
the derivation of the model are shown in Figure 2.12. We ,_“J
must use the same voltage and current vectors that were

defined in (2-16) and (2-17) in the derivation to allow for

the multiplication of the individual chain parameter —---3
matrices to form the total chain parameter matrix as ’J
previously discussed. As before we need to derive the per-
unit-length line parameter matrices and then solve the MTL -’
equations. The MTL equations can be written as follows for - ‘
the pigtail section of the flatpack, coaxial cable [1l2]: *
0¥ (x) | IV (x) D]
TS I P e !
and ﬁﬁ
. = =)
I¥ (x) , v¥ (x)
L_'.[Sp(x) = "J‘*’Ep 5P (x) (2-43)

where ,\Z,CPr Lpy and Cp are the per-unit-length conductor

impedance, inductance, and capacitar... matrices of the pig-

tail section, respectively. Before we derive the per-unit-
length parameter matrices for this section we will make the

simplifying assumption that the pigtail conductors (both
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where each of the submatrices are given by [12]

251 = s roefle ey 11 oxg (2-41a) o
955 = - hyg TY (€t~ e 17l (2-41b)
951 = b x (elh- oWy 1y (2-41¢) i
: 88y =8 T (el eV 17l (2-41d) -8
- where Yo js defined to be juCg, T is the n x n similarity %
» transformation matrix which diagonalizes the Ygis product __:
_ as follows ‘i
| T s zs = )7 s
Lg is defined to be Ic + Jjuwls, slisand s"lisare n xn h_j
diagonal matrices with entries [E’Y‘i’]ii = eYiiﬁ and »—«.1
[2—11’111 = o Niks 3
From this derivation we are now able to calculate the :
chain parameter matrix of the shielded section of the ?
flatpack, coaxial cable. We must now derive the chain ?
parameter matrix of the pigtail sections to be able to 4
calculate the total chain parameter matrix of the flatpack, “']
coaxial cable. 1l
2.3 - MULTICONDUCTOR TRANSMISSION LINE MODEL .
FOR THE PIGTAIL SECTIONS OF THE LINE - o
In this section, we wish to derive the multiconductor :
transmission line model for the pigtail sections of the o
flatpack, coaxial cable [13]. These sections come about H‘!
because of the need to be able to terminate the ends of the
individual coaxial cables. In general, wires are connected .

to the inner conductors and the edges of the shields and X8




- coaxial cable as n "fat wires" due to the electrostatic o
: B
shielding of the solid shields. 1Instead of calculating

each of these terms as we did for the inductance matrix we

can note that the surrounding medium is homogeneous so S
LSPSPCSPSP = 1/v2 where v is the speed of light in the
medium (in our case free-space)([l2]. Since this must be
true we can state that 2
1 -1
£§PSP = -—E-ESPSP (2-39)
\
where ()'l represents the matrix inverse.
Now that we have calculated the entries of the per-

unit-length parameter matrices, Zc, Ls, and Cg, for the
shielded section of the line we must turn our attention to -
solving the equations stated in (2-18)

U(x) = =-(2c + jwLg) I(¥)
and

I(x) = =-jwCg ¥(x)
and obtaining the chain parameter matrix of the shielded
section. These have been :tolved in general in [12] for "'}
sinusoidal steady-state excitation of the transmission line
under the TEM mode assumption, and the results are repeated
here. The chain parameter matrix for the shielded section

can be calculated as

¢S ¢)S
2 - 211 ~i2 (2-40) -
%31 $32 ]
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inductance for this situation. The first, 13+ is due to

the current flowing down the jth shield pigtail and can be

calculated as

H dl
1; = - 2 1n|{— (2-57)
2T do

The second contribution, 1l,, ig due to that current return-

ing on the nth shield pigtail and can be calculated as

1 uo dj
9 = -—1ln|— (2-58)
2T dy
The four distances needed for this situation can be calcu-
lated as
1
d; = “JQk(j - i) x Ws) + s)]2% + @2

gy = (3 = i' x Ws
- i - 2+d2l
[((n i) x W3) + 8)]

dg = (n - i) x WS

w
[}

Substituting these four distances into equations (2-57) and

(2-58) and summing them to get th= total inductance yields

do Lo \/[((j - i) x Ws) + s)]% + a2 ,

tig = 77— .
i>i 2T (3 = 1) x WS
. 2 2!
u ((n - i) x WS) + s)]< +t d
L 20 0, \/[
27 (n - i) x WS

which reduces to

y : . . 2 4+ g2
o - - WS) + s a
R B S T V(((n - 1) x WS) + s)] _ [ 2os9

iy 27 (n = 1) '\/[((j - i) xws) + )%+ d

Next we will calculate the terms of the EWSP submatrix
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Figure 2.17 - Mutual Inductance Between the 1th yire circuit
and the i®h Shield Circult over the Pigtail
Sections.
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that lie in region 2 of (2-53). For this region of the
submatrix i > j and its corresponding representation is
shown in Figure 2.19. Again there are two contributions to
the net inductance that must be calculated. The first, 1,,
is due to the current flowing down the jth shield pigtail
and can be calculated as

" d
1 ° 1n |22 (2-60)
27 di

The second contribution, 1l,, is due to the current return-

ing on the nth shield pigtail and can be calculated as

Ho d3
1 1n (2-61)
2T d4

The four distances needed to solve equations (2-60) and

[ V]
"

(2-61) can be calculated as

_
d; ='\/{((i- j) x ws) - s)]2 + 42
dz = (1 - Jj) x WS

dy ='\/[((n - i) xWS) + 8)]% ¢ a2’

dg = (n = i) x WS
Substituting these four distances into equations (2-60) and

(2-61) and summing them to get the total inductance yields

¥ 1 (i - j) x WS
i3 = n +

i35 27 |4/T( - 3) xws) - 82+ %
- 1
o 1¢T?(n ~ i) x WS) + s)]2 + g°

+ —1n
27 (n - i) x WS

which reduces to
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Figure 2.19 - ¥utual Inductance Between the Jth Shield
~ireuit and the 1i'h Wire Circuit over the
Pigtail Sections.
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21
77 {(2-62)

(i - 3J) ﬂ/ﬁ}(n - i) x Ws) + )12 +d
(n - 1) [((i - j) x WS) + s)]12 + 4

Finally we must calculate the entries of the LWSP
submatrix that lie in region 3 of (2-53). For this region
of the submatrix i=n and its corresponding representation
is shown in Figure 2,20, Again there are two contributions
to the net inductance for this situation. The first, 1.,
is due to the current flowing down the jth shield pigtail
and can be

1 Ho d2
1 = 1n (2-63)
27 dy

The second contribution, 12, is due to the current return-

ing on the nth shield pigtail and can be calculated as

8]
I

Ho d3
1 1n (2-64)
27 de

The three distances needed for this situation can be calcu-

lated es

1
dl ='\/[((n - Jj) x WS) - s)]:2 + g2
(n - j) x WS

Substituting these three distances into equations (2-63)

Q
(18]
L}

and (2-64) and summing them to get the total inductance

yields
—
"o (n - 3) x WS T Va2 + 82
1=—1n = [+==1n
Jar [4/ln = §) xws) - )12 + a2 | 2¢ R o

which reduces to
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Yo (n - 3) x WS x o/ a2 + 82

1l = ==1n 2-65
n 2 -\/[((n-j)xWS)-S)lz*rdszpd ( )

Finally we need to calculate the LSP¥ submatrix of Lp,

This submatrix could be calculated directly but instead we
will use the argument presented previously stating that due
to the surrounding medium being reciprocal the per-unit-
length parameter matrices must be symmetric. For this to

be true the following condition must be true

Bspw = (Bysp)t (2-66)

We have now calculated all the entries in the per- "‘—'"."a
unit-length inductance matrix, L,, of the pigtail sections. ]
Now we will calculate the per-unit-length capacitance {,_ii
matrix,‘sp’ of the pigtail sections. 1Instead of calcu- ; fi

lating the entries of this matrix we note that since the ]
medium surrounding the pigtails (free space) is homogene- 57;&?

ous, the following condition must hold [12]

Lp Cp = 1/v?

where v is the speed of light in the medium. Since this

must be true we can state that

-1 _
,SP = l/V2 (L'.p) (2-67)

Now that we have calculated the entries of the per-
unit-length parameter matrices, £P and SP' for the pigtail
sections of the flatpack, coaxial cable we must solve the

equations stated in (2-18)

& a a o - o Y - = - L) N W S L o a4 e la . a . a4 o
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¥(x) = =(Zc + jwLp) I(X)
and ~ ~r =
I(x)

-JjWCp ¥ (x)

and obtain the chain parameter matrix of the pigtail
sections. These equations have been solved in general for
sinusoidal, steady-state excitation of the line under the
TEM mode assumption .n [12]. The results are repeated here

for convenience. The chain parameter matrix for the

pigtail sections can be calculated as

¢F ¢F
b = ,..11)1 ,.1:22 (2-68)
21 922
where each of the submatrices are given by
2{1 = cos (B Lp) lon-1 (2-69a)
352 = -jv sin(BXp) Lp (2-69b)
951 = -iv sin(8Lp) Gp (2-69c)
$52 = cos(8%p) lan-1 (2-69d)

where 8, the wave number, is given by 8 =27 / X, A = v/f,

V=1/1/ “oeoland,lZn-l represents the (2n-1 x 2n-1) identity

matrix.

2.4 - TOTAL CHAIN PARAMETER MATRIX OF

THE FLATPACK, COAXIAL CABLE

In the previous two sections we have derived equations
that make it possible to calculate the chain parameter
matrices of the shielded section and each of the pigtail

sections that are present at each end of the flatpack,

coaxial cable. These chain parameter matrices can be
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calculated for various configurations of the flatpack,
coaxial cable by substituting in the correct values of the
various line parameters (R,g, Rgpgr S¢ d, etc.) for the
given configuration. Once these individual chain parameter
matrices have been calculated we can obtain the total chain
parameter matrix using equation (2-10) presented in section
2.1.

As stated previously, once we have the total chain
parameter matrix, ST’ we have an equation which only re-
lates the voltages and currents at each end of the flat-
pack, coaxial cable. To solve explicitly for the terminal
voltages and currents of the line we must incorporate the
terminal conditions of the line into the equations. This

is done in the next section.

2.5 - INCORPORATING THE TERMINAL CONDITIONS

We will assume that the flatpack, coaxial cable is
terminated at each end as shown in Figure 2.21. This
termination configuration allows for connection of a load
resistance and a voltage source at each end of the individ-
ual coaxial cables. Each of the individual wire circuits
ground may be connected to the reference conductor by
cetting the corresponding RGLi or Rgrj shown in the figure
to zero. The overall chain parameter matrix of the entire

line (including the pigtail sections) is given in (2-12) as
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Figure 2.21 - Terminal Characterization.




v v
R|_ o L
IR ~ I
where
T T
oo = |12 12
~T T T
®21 932
This equation can be rewritten as
-1 - o
YR 211 212 2913 214 [ v
Sp ) ¢ ¢ ¢ sp
v v
R[_ | 221 322 $23 924 L (2-70)
w
IR 431 432 933 934 iy
S S
_IRPJ a $42 243 Bas | leJ

For the experimental configuration to be described in
the next chapter, all the shields were grounded together,
i.e., Rgri = RgLi 0 for i=1,2,...,n-1. Although more
general shield grounding configurations could have been
investigated it is anticipated that this grounding config-
uration will be quite typical. For the terminal configur-
ation shown in Fiqure 2,21 with all the shields grounded we
can write a generalized Thevenin equivalent representatior
as

Yy = ¥g(0) - 2¢ It (2-71)
for the left end of the cable and

Yp = ¥g(Q + 24 I (2-72)
for the right end of the cable where we have the following

matrix definitions

B
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Vs1
v
Vg(0) = . where U8(0) = |. (2-73)
| Ysn
(Vi1 ]
\Y
u¥ (L) L2
Yot) = 5 where V&) = | . (2-74) ]
vLn ]
- J 1
[Rs1 \ |
RO 0 S Rs2 -
Zy = 0 0 where R(0) = . (2-75) o
i Rsn )
e SRR
BRI
:qj
R () 0 .
Zg = . g where R(§) = (2-76) -
RLn f
- g
By solving the equations (2-12), (2-71), anéd (2-72) it

will be possible to determine the terminal voltages and
currents at each end of the cable. These equations have

been solved in general in (12] for I, and Ig. The equation

that solves for Iy is [12]
(24 2%, - 24 9% 20 - 8%2 + ¢y 201 1 =

[ffl - Z&,fgll Vg (0) - ¥g(f) (2-77)
By relating (2-70) to (2-12) we can make the following

et

n . [
PR

st .
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observations
B m
11 12
3}‘1 = |~ - (2-78a) -
| 221 222 i
[ %13 %14 | :ﬂ
9, = |~ ~ (2-78b) ST
| 223 224 5
[ 931 32 SR
051 = |~ - (2-78c) T
= ¢ ¢
B! $42 | o
%33 934 |
932 = |~ ~ (2-78d)
| 243 244 |
Calculating all the terms we need to solve (2-77) by ) .J[
substituting for all the entries gives :
e - RGO 81 %33 $34f_ [R@D 233 RM 934
(BQFY. -
2 91| %43 244 0 0
(2-79)
oT _ (R 28y 232 | RO 0]
2z ~21 %0 0 ol A
2 1Lta 24212 Q |
RO 0 %31 R(O) ol [ROO ¢31 RO 9 ]
0 0| [241 R(O) 9 2 8 L
(2-80) o
o7 PSS! D2 [ RO 9] | %11 R(O) 0 - '+
~11 20 ~ . N
21 2] 9O 9 9 9
(2-81)

PR .
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L. 0T = R 01125 2;32—[= R(L) 231 R 237
~h 2 211 2a 342J 9 9
(2-82)

Substituting (2-79), (2-80), (2-81), (2-82), (2-78a), and

(2-78b) into (2-77) yields

R(1) 233 R 234 R(1) $3; R(O) 9
2 2 _ 9 9
— 1 -
213 ko 911 R(0) 9 _
+ i, ~
223 4] L 2 0
_ %1 ;“’.12T R %31 RQ) 23 v
- - Yo (0) - ¥()
¢ ¢ 0 0 S
221 222 | 0 Q

which reduces to

@) 233 - R(1) $31R(0) = %3 + $1R(0) : R B34 - 214

It
- %3 + 257 R(0O) | - %,
%1 - R 2 %, - rR(L) ¢
1 - RQQ) %31 1 R 232
= Al ] ~12 1 Ys(o) - YS(l)
2 l Ry

(2-83)

Everything in equation (2-83) is known except I; therefore
we can solve the equation for ;L from which we cai calcu-
late the terminal voltages at the left end of the cable by

substitution of I, into equation (2-71). We can now solve

for Ig using Iy a$S shown in [12] as

a
Ig = -1331 20 - 232 1 Iy + 251 us(O) (2-84)
Substituting (2-78c), (2-78d), and 2o into this equation we

get

S
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(2¢) (vg)
Vo - c) (Vg (3-2)

2og t Z&G
This voltage divides across the loads at each end of the

receptor wire to give

OR
Vor = Ve (3-3)
ZpoRr + ZIR
and
Z
1R
le = - VC (3—4)
ZOR + ZLR

These induced voltages, VOR and ViR' are independent of
frequency for the frequency range being considered.

We will calculate the level of common impedance
coupling that should exist for our experimental setup. If

we substitute equation (3-2) into (3-3) and divide through
by the driving voltage, Vgr W€ obtain

v z
OR . (__ OR ) ic ) (3-5)

VG Zor * Zgr/ \203 * I4G

where Voo/vg is the level of common impedance coupling
present. The impedances at each end of the receptor wire
are the 91 Q resistors that terminate each of the cables so
20R = I{R = 91 @ (3-6)
The load at the far end of the generator wire is, again, a
91 R resistor so
2yg = 910 (3-7)

We will assume for our calculations that

. JS
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I ¢
E lectromagnetic Couplirg  Contribution
/‘\C0uphnq Contribution
Assuming Perfect Conductors
0 Freauercy
‘D
Tisare 207 - Jomnon Impedance Coupling.
e i Bttt A e i :

..-5!,‘ B -.‘1'4--‘ " A,LAL

S .
L h
. . Lo et
B - . '
W, YO




- 76 -

occur.

To illustrate the concept of common impedance coupling
consider Figure 3.7(a). We drive one of the wires shown
with some voltage, V,, and wish to know what effect this
has on the load voltages in the system, For the case of
our flatpack, coaxial cable, cable 1 can be thought of as
the generator wire and the cable we are presently observing
(2, 7, or 13) can be thought of as the receptor wire. The
common return, since all 13 shields are shorted together,

is all 13 of the shields in parallel.

If we drive the generator wire with a voltage, Vg’
then a current, I, wijill flow in the generator wire circuit
and ,for a sufficiently small frequency, can be calculated
as

v
I. =S (3-1)

G
ZOG + ZLG
This current will flow through the common return, whose
impedance is denoted as Zzc- This reference conductor
impedance is a distributed parameter phenomenon, but for
the fregquencies being considered, the line is electrically
short and we may lump this impedance at a single point.

This current will produce a voltage across the reference

cenductor, V., which can be calculated as

Ve = Zc¢ Ig

which is equal to
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va vy V13

[4

in Vin Vin

, and

v
Each transfer ratio has a magnitude and a phase; we will
only consider their magnitudes denoted as [.].

The measurements described above were performed for
frequencies ranging from 100 Hz to 100 MHz in steps of 1,
1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, and 9 in each decade. The
results of these measurements are shown in Figure 3.6 where
we have plotted the magnitudes of the voltage transfer

ratios for cables 2, 7, and 13 versus frequency.

3.2 - ANALYSIS OF EXPERIMENTAL RESULTS

In this section we will qualitatively describe the
crosstalk behavior exhibited by the flatpack, coaxial cable
over various frequency ranges of the graph shown in Figure
3.6, The first section of the graph we will consider is
the portion for which the frequency is less than 1 KHz. 1In
this range the crosstalk is constant and approximately
equal to 1.8 x 104 for all three of the cables. This type
of coupling is usually observable at low frequencies anc¢ is
known as common impedance coupling. It is present in
circuits in which two or more individual circuits share a
common return, which is the case for our experimental setup
of the flatpack, coaxial cable. All 13 of the individual
coaxial cable circuits share the 13th shield as their

return therefore we can expect this type of coupling to

T
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between the ends of the terminating resistors and the
beginning of the shielded section. This distance was
measured to be 3.0 x 10~2 meters.

To measure the levels of crosstalk present in the
cable, each end of each of the individual coaxial cables
was terminated to ground with a resistor whose value equals
the characteristic impedance of the cable (91R8) with the
exception of cable 1's left(near) end. The left(near) end
of cable 1 was then driven with a sinusoidal voltage
source, V;,, and the voltages induced on various cables
were measured to allow for the calculation of the actual
levels of crosstalk present in the cable. From the dimen-
sions given previously we can calculate the characteristic
impedance of each of the individual cables to be 91§, The
cables were terminated with 919 resistors as depicted in
Figure 3.5 and pictured in Fiqure 3.2,

Three of the coaxial cables in the flatpack cable were
arbitrarily chosen for measurement of the induced voltages,
cables 2, 7, ard 13. We are able to measure the voltage
transfer ratios(i.e., level of crosstalk) to the left(near)
ends of each of the chosen cables by placing a known Vip at
the left(near) end of cable 1 and then measuring the volt-
ages present at the left(near) ends of cables 2, 7, and 13

denoted v,, v7, and v13, respectively. The transfer ratios

can then be calculated as




Figure 3.4 - Cable Termination.
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denoted as having radius R, is a wire that runs the length
of the cable and is pressed against the interior surface of
the shield to allow for electrical connection to the
shields.

The cable is terminated at each end with Amp 226477-1
receptacle connectors [14] to allow for connection to each
of the individual coaxial cables of the flatpack, coaxial
cable. These connectors contain 26 pins, 13 for the center
wires and 13 for the drain wires that connect to the indi-
vidual coaxial shields. One of these connectors is shown
in Figure 3.2 with pertinent connector dimensions being
shown in Figure 3.3.

The pigtail sections discussed in Chapter 2 come about
in the connector terminations at the ends of the cable. To
allow for connection to the center wires and drain wires of
the flatwack, coaxial cable these wires are extended past
the end of the shielded section and connector to the pins
of the tarminating connectors. This can be more closely
observe¢ in Figure 3.4, The dimensions of the pigtail
sections with reference to Figure 2.12 are

R 3

pcC

Rog

WS = 2.54 x 10-3 meters

meters

.51 x 10~

.51 x 10'3 meters

s = 0 meters

n

d = 5,0 x 1073

The length of the pigtail sections,I,P, is the distance
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CHAPTER 3

EXPERIMENTAL RESULTS vs. COMPUTED RESULTS

The purpose of this chapter is to compare experimental
measurements of the levels of electromagnetic crosstalk
present in a typical flatpack, coaxial cable to predictions
made by a digital computer program that implements the
model of the flatpack, coaxial cable derived in Chapter 2.
From these results we will judge whether or not we can use
the model to simulate the crosstalk present in this class

of cables,

3.1 - THE EXPERIMENT

The cable chosen for the experimental work was an Amp
1-226464-3 flatpack, coaxial cable which has 13 individual
coaxial cables [l14]. The cross-sectional dimensions of the
cable with reference to Figure 3.1 are:

WS = 100 mils (2.54 x 10~3 meters)

Rgpg = 32 mils (8.128 x 104 meters)
ts = .35 mils (8.89 x 1075 meters)
ch = 5 mils (1.27 x 10'4 meters)
Ryg = 6.3 mils (1.6 x 10”4 meters)
€r = 1.5 (foamed polyethylene)
The length of the shielded sections of the cable, L, is

3.015 meters. The drain wire shown in Figure 3.1 and
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21 $32 [[RO) 8 933 %34
lR = = - 'IL +
241 2421 8 9 243 944
¢ $
231 32|y 0
¢ ¢ S
241 242
which reduces to
33 - 231 R(O) | 934 931 $32
Ip = | I + v (0)
243 = 241 R(O) | %4y 41 242
(2-85)

Everything on the right-hand side of equation (2-85) is
known therefore we can solve for lR from which we can
calculate the terminal voltages at the right end of the
cable by substitution of Ip into equation (2-72).

We have now derived a set of matrix equations, (2-83)
and (2-85), which may be used to calculate the terminal
voltages at each end ¢f the cable given the line character-
istics and terminal characteristics. It is possible to
predict the amount of electromagnetic crosstalk between two
cables in the flatpack, coaxial cable by "driving" one of
the wires with a kncwn voltage and then calculating the
voltage that would li.e present on the other wire. The
crosstalk would then be equal to the ratio of these two
voltages. This approach will be taken in the next chapter
to attempt to predict the crosstalk present in a given
flatpack, coaxial cable. To test the accuracy of the
predictions, they will be compared to ictual experimental

measurements.
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The only value needed to solve equation (3-5) is the value

of the resistance of the common return, ZC. This value is

simply the value of 13 shields in parallel which can be

written as
1l

2, = —

Z (3-9)
C 13 _SH

where Zo. denotes the resistance of a single shield.

To calculate 2Zgy We first look at the construction of
an individual shield, shown in Figure 3.8. The shields
consist of a .35 mil thickness of aluminum bonded to a 1l
mil thickness of mylar. Each circular shield is formed in
a "cigarette wrapper” form as shown. The impedance of one

of these shields can be calculated as

Ls
Iy = ~—————— (3-10)
0w tg

where o is the conductivity of the shield (aluminum, i.e.,
0 =3.82 x 107), ¢, is the thickness of the shield, and w
is the width of the "rolled out" shield which was measured
to be 270 mils. For our given cable we find that

Loy = 1.2946410 so that

1

e =——12gy = .0995878 Q (3-11)
P 13

-
[ Substituting the values given by (3-6), (3-7), (3-8), and

{3-11) into equation (3-5) yields
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vV

OB . 5,472 x 1074 (3-12)
Vg

which is far from the measured value of the crosstalk
1.8 x 10-4, The concept of common impedance coupling is
widely used and known to be accuratell]. Therefore we
reconsider the formulation of Vyg/Vg. The values Zpgr, ZgR’
ZoGr and Zyg are fixed. The only place an error could
occur is in our formulation of zc- The dc resistance of
one of the shields was measured and found to be .41540
which is far from our calculated value of 1.2946410.

The "problem" with the shield impedance was investi-
gated fuirther. Looking back at Figure 3,1 one notes that
each of the shields hLave a drain wire that runs the length
of the cable and is in direct contact with the shield along
that distance. This suggests that the impedance of the
returns of each of the individual circuits should be
modelled as a drain wire in parallel with the shield
instead of just the impedance of the shield. The per-unit-
length dc¢ shieid impedance, Zoy, is calculated as

1

lgy = mee——— = L4294 i/meter (3-13)

The per-unit-length drain wire impedance, 2y, can be calcu-
lated aas

]
¢y = e e = ,23 43 Y meter (3-14)
p Rwd

Whefﬁfﬁ)iu the conductivity of the drain wire {(in our case

cadinadocnsdhbiboincch,




copper). We can model the drain wire - shield impedance as
N sections of length LS/N as shown in Pigure 3.9(a). It
can be mathematically proven that the circuit shown in
Figure 3.9(a) is equivalent to the circuit shown in Figure
3.9(b) regardless of the value of N.

If we now calculate the dc impedance of the common
return for all the circuits, which is 13 of these drain

wire - shield combinations in parallel we obtain

(zp || zgg) L
Zo = —n S S . .033154 g (3=15)
13

where || stands for "in parallel with", If we substitute
this new value of 2. into equation (3-5) with all other
values as they were before we obtain

Vor
Vg

= 1.82 x 10-4 (3-16)

which compare very favorably to the measured value of
1.8 x 104, This implies that we must include the drain
wire impedance in all calculations dealing with the shield
impedance,

The next section of the graph shown in Figure 3.6 we
wish to consider is the frequency range of 1 KHz to 1 MHz.
Ideally when crosstalk is measured for transmission lines
the voltage transfer ratio should begin at the level of the
common impedance coupling, stay at that level for a range

of frequencies, and then roll off at 20 dB/decade. If we




[ p——

AR 4 ma an oo anian o oy )
.t‘,‘

e e

ZpRg/N

v

ol

2pk¢/N

TR T E TRV Ry o e Didh Y L A Y = B

- 83 -

ZpX¢/N

—A

/\,

A === -

AAV

AV

J\,

Zguds/N Zgu&y/N z54L/N
+ L/N=L /N~=ZL /N~

- Is -
(a)
ZD= Zols

ZSHIS/N
- ets/N-.

N/

Zgy = Zgy R

(b)

Figure 3.9 - Equlvalent Circuilt for the Shield - Drain

Wire Combinatlon.




4 .
4 ..
F.'{
k‘

L e an,; TS
. R .

LA e '—vrv.v
RS T . .
v ST

I.Y' v At 4
. - .

v r"—y.,“r“ g

p———

- 84 -

look at Figure 3.6 we see that instead of rolling off at
20 dB/decade, cables 7 and 13 exhibit "bumps”" around the
frequency of 200 KHz and the voltage transfer ratio for
cable 2 actually increases over this region. The shield
impedance may, as before, account for this "strange"
behavior of the voltage transfer ratio. The shield
impedance was therefore measured for the frequency range of
100 Hz to 10 MHz. The results are shown in Figure 3.10.
The shield - drain wire impedance was calculated for the
same frequency range as stated above and those results also
shown in Figure 3.10.

The shield wall (t = ,35 mils) is one skin depth at
84 MHz which implies that the shield impedance (as well as
the transfer impedance) should be relatively constant up to
this frequency. To measure this impedance the flatpack
cable was formed in a loop to allow for connection to the
measuring equipment. At frequencies above 1 MHz the induc-
tance of this loop will start to affect the impedance
Leasurements therefore we cannot trust our measurements
above this frequency. Below this range, however, our mea-
surements seem to match the computed values very closely.
If we look at the computed impedance of the drain wire -
shield combination we notice that its impedance starts to
increase at approximately 200 Kdz, the exact same frequency
that the "bumps” occurred in the voltage transfer ratio.

It will be shown later that this increase in the
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impedance does, in fact, account for the "bumps" that occur
in the voltage transfer ratios. To verify this increasing
of the shield impedance, independent measurements of the
shield impedance of a similiar cable were made in a
quadraxial test fixture [l16]. The results showed the same
trend as our experimental data.

The next portion of the graph shown in Figure 3.6 that
we consider is that for which the frequency is in the range
of 1 MHz to 10 MHz. Over this region the crosstalk begins
to increase at a rate of 20 dB/decade. This is due solely
to the exposed pigtail sections in the connectors. This
point is addressed in more detail in [4,13]. Basically
these documents show that for an electrically short line,
the coupling that occurs over the shielded section and the
coupling that occurs over the the pigtail sections can be
superimposed. The coupling over the shielded section
should either remain constant or roll off as frequency
increases. The coupling over the pigtail sections,
however, is increasing at 20 dB/decade [4,13]. Thus there
exists a frequency at which the pigtail coupling level will
begin to dominate the overall coupling. This occurs at
approximately 1 MHz for our configuration.

To further illustrate the pigtail effect, the driving
wire pigtail was removed from the connectors at each end of

the cable, and cable 1 driven precisely at the input of the
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shielded section. This should eliminate most of the direct
coupling over the pigtail section. Some secondary coupling
will still exist due to the pigtails of the undriven wires
but 1t should be small in comparison to the coupling with
the driving pigtail wire present. The crosstalk for cables
2, 7, and 13 were remeasured with the driving pigtail wire
removed and the results are shown in Figures 3.11, 3.12,
and 3.13. Note that removing the driven wire from the
pigtail section has reduced the crosstalk by over 20 dB
which confirms the pigtail effect.

The final portion of the graph shown in Figure 3.6
that we need to consider is that portion for which the
frequency is greater than 10 MHz. Over this frequency
range the line is becoming electrically long. It is ex-
pected that prediction of the crosstalk over this range
would be difficult but will be shown later that the model
derived in Chapter 2 does fairly accurately predict the

levels of crosstalk in this region.

3.3 - THE TRANSMISSION LINE MODEL

A digital computer program (FLATCOAX) was written to
implement the multiconductor transmission line model of the
flatpack, coaxial cable which was derived in Chapter 2.
The use of this program will be described in Chapter 5.
The program reads input data that consist of the line

dimensions, pertinent dimensions of the pigtail sections,
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terminal characteristics, and desired frequency of computa-
tiocn. It then computes the overall chain parameter matrix
ror the described cable, incorporates the terminal condi-
tions, and solves for the terminal voltages at each end of
the listed frequencies.

The predicted levels of crosstalk for cables 2, 7, and
13 are plotted along with their experimental values in
Figures 3.14, 3.15, and 3.16. Note that the predictions
«te generally quite satisfactory., For frequencies above
.0 MHz, the line is becoming electrically long, as stated
treviously, and accurate predictions in this range are more
difficult.

Due to the favorable correlation between the computed
and experimental results we can conclude that it is possi-
Cie tc accurately predict the crosstalk present in a
flatpack, coaxial cable using the methed derived in Chapter
<. To Illustrate the large variation in crosstalk levels
w.tnin the flatpack, coaxial cable, the predictions of the
Jr.osstalk for all 13 cables at the near and far ends of the
--l.e are snown in Figures 3,17 and 3.13. Note that there
oo & Taximom difference in crosstalk levels between indi-

rival ccaxial cables in the flatpack cable of as much as
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CHAPTER 4

COMPUTER PROGRAM DESCRIPTION

Qualified requesters may obtain copies of Chapter 4 by contacting
RADC (RBCT/Roy Stratton) Griffiss AFB NY 13441-5700, or calling
315-330~2563
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CHAPTER 5

USERS MANUAL FOR FLATCOAX

Qualified requesters may obtain copies of Chapter 5 by contacting
RADC (RBCT/Roy Stratton) Griffiss AFB NY 13441-5700, or calling
315-330-2563
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CHAPTER 6 ?T?’

e

SUMMARY AND CONCLUSIONS 3i§j

T

Crosstalk is present in almost every situation in 534

} -y
which two or more electrical circuits are in close proxim- e

|
1
1
K
"

ity to one another. It is often desirable to be able to
predict, in advance, these levels of crosstalk for a given
configuration., From these predictions a design engineer
would be able to judge whether these levels of crosstalk
would be acceptable in a given application. If the pre-
dicted levels were not acceptable, the cables could be
"reconfigured" and the new levels of crosstalk predicted.
This would point out to the designer, apriori, any config-
uration that will not meet the specifications given and
allow for correction of the problem on paper before the
system 1is built. Thus costly rerouting of cables or
redesigning of the system may be eliminated.

A multiconductor, transmission line (MTL) model was
derived in Chapter 2 to allow for this prediction of the
levels of crosstalk present in a class of cables known as
flatpack, coaxial cables. Predictions made with this model
were compared to experimental results in Chapter 3 and were
found to be very accurate. While analyzing these experi-
mental and computed crosstalk levels, it was found that
commoen impedance coupling due to the common grounding of

the shields was the dominant contributor to the total
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crosstalk at the lower frequencies. It was also found that
the presence of drain wires have a significant effect on
the electromagnetic coupling and, for our given configur-
ation, actually lower the crosstalk from that which would
be present without the drain wires.

It was also found that the presence of exposed,
Figtail sections such as occur in plastic connectors can
greatly increase the crosstalk present in a given cable at
the higher frequencies., This increase was found to be on

the order of 40 dB greater than if no pigtail sections were

present.

The program, FLATCOAX, that was used to obtain the

computed results used in Chapter 3 is listed in Appendix A ;Zi'.‘::
with a description of its operation given in Chapter 5. fo
Due to its accuracydin predicting experimental results we inj
can conclude that the multiconductor transmission line féa

model derived in Chapter 2 and implemented in this program

is valid and can be used to predict levels of crosstalk

present in flatpack, coaxial cables. Therefore the program
can serve as a useful simulation model for design purposes. i,ij
T
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Appendix A

FLATCOAX Program Listing

Qualified requesters may obtain copies of Appendix A by contacting
RADC (RBCT/Roy Stratton) Griffiss AFB NY 13441-5700, or calling
315-330-2563
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Appendix B

Conversion of FLATCOAX to Single Precision

Qualified requesters may obtain copies of Appendix B by contacting
RADC (RBCT/Roy Stratton) Griffiss AFB NY 13441-5700, or calling
315-330-2563
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MISSION
of
Rome Atr Development Center

RADC plans and executes nesearch, development, test and
delected acquisition programs in support of Command, Control
Communications and Intefligence (C31) activities. Technical
and engineering suppornt within areas of technical competence
45 provided to ESD Program Offices (POs) and othen ESD
elements. The principal technical mission areas are
communications, electromagnetic guidance and controf, suwi-
veillance of ground and aerospace obiects, intelligence data
collection and handling, information system technology,
Lonospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.
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